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1
OPTICAL TRANSMITTER AND METHOD
FOR CONTROLLING OPERATION STATE OF
OPTICAL TRANSMITTER

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a continuation application of Interna-
tional Application PCT/JP2012/052188 filed on Jan. 31,2012
and designated the U.S., the entire contents of which are
incorporated herein by reference.

FIELD

The embodiments discussed herein are related to an optical
transmitter and a method for controlling an operation state of
the optical transmitter.

BACKGROUND

Recently, the technology of forming an optical device
using a semiconductor platform has been developed. For
example, a silicon platform optical device of a silicon mate-
rial has been studied and developed.

In the field of a semiconductor device, an advanced and
inexpensive micromachining technology has been realized.
By applying this technology to optical components, an inex-
pensive and small optical device (for example, an optical
transmitter, an optical modulator) may be produced. There-
fore, a semiconductor platform optical device is considered as
an important device in the optical communication over an
optical network, an optical interconnection, etc.

FIG. 1 illustrates an example of an optical modulator
formed on a semiconductor platform. This optical modulator
is an all-pass ring resonator optical modulator, and includes a
bus waveguide 101, a ring resonator 102, and an electrode
103. The bus waveguide 101 and the ring resonator 102 are
optical waveguides formed on a semiconductor platform. The
bus waveguide 101 and the ring resonator 102 are optically
coupled to each other. The ring resonator 102 is formed
between a pair of electrodes 103, as illustrated in FIG. 1.

In the optical modulator with the above-mentioned con-
figuration, continuous wave light of a specified wavelength is
input to the bus waveguide 101. A portion of the continuous
wave light is guided to the ring resonator 102. The continuous
wave light guided to the ring resonator 102 is propagated
counterclockwise, and then output to the bus waveguide 101
in the example illustrated in FIG. 1. The perimeter of the ring
resonator 102 is determined to have a specified relationship
with the wavelength of the continuous wave light. A data
signal is applied to the electrode 103. By so doing, the optical
path length of the ring resonator 102 is changed depending on
the data signal. Therefore, the optical modulator can generate
a modulated optical signal which carries the data signal.

Since the optical modulator with the above-mentioned
configuration uses a resonance effect, the power consumption
is low. In addition, it is easy to downsize this optical modu-
lator, for example, 10 umx10 um in size. However, it is
necessary that the operating wavelength which depends on
the perimeter of the ring resonator 102 matches the wave-
length of incoming light with very high accuracy.

Furthermore proposed is an optical transmitter having a
plurality of ring modulator (For example, Xuezhe Zheng et.
al., Ultra-Low Power Arrayed CMOS Silicon Photonic Trans-
ceivers for an 80 Gbps WDM Optical Link, National Fiber
Optic Engineers Conference, Optical Society of America,
2011, PDPA1). In the optical transmitter, each ring modulator
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is realized by, for example, the optical modulator illustrated in
FIG. 1. The plurality of ring modulators are optically coupled
to a common bus waveguide. According to the configuration,
awavelength division multiplexing optical transmitter is real-
ized. However, in the configuration, it is necessary that the
wavelength of each channel of input light matches corre-
sponding operating wavelength of each ring modulator with
high accuracy. Therefore, in the optical transmitter, the con-
trol for obtaining an appropriate operation state is compli-
cated. If the operating wavelength of the ring modulator is
inappropriately adjusted in the above-mentioned optical
transmitter, then, for example, a data signal to be transmitted
using a certain wavelength channel may be assigned to
another wavelength channel.

Further proposed is an optical integrated device (for
example, Japanese Laid-open Patent Publication No. 2010-
27664) including a semiconductor laser and an optical modu-
lator (resonator-based optical modulator) coupled to the
semiconductor laser. This optical integrated device includes a
waveguide wavelength filter for extracting only the light
(modulated light) in an oscillation mode included in the reso-
nant wavelength band of the optical modulator. The wave-
length filter is a ring resonator-based wavelength filter. How-
ever, in the configuration, it is necessary to perform
complicated control to match the operating wavelength of the
ring resonator which realizes an optical modulator and the
operating wavelength of the ring resonator which realizes a
wavelength filter with the signal wavelength.

The technology of forming an optical device on a semicon-
ductor platform is also described in, for example, Po Dong et.
al., Low Vpp, ultralow-energy, compact, high-speed silicon
electro-optic modulator, Opt. Express, OSA, 2009 Vol. 17,
No. 25, 22484-22490.

As described above, in the related art, the control for cor-
rectly operating an optical transmitter or an optical modulator
having a ring resonator is complicated.

SUMMARY

According to an aspect of the embodiments, an optical
transmitter includes: a ring waveguide; an electrode which is
formed near the ring waveguide and is provided with a signal;
a first waveguide optically coupled to the ring waveguide; a
second waveguide optically coupled to the ring waveguide
without optically coupled directly to the first waveguide; and
a light source configured to supply continuous wave light to
the first waveguide.

The object and advantages of the invention will be realized
and attained by means of the elements and combinations
particularly pointed out in the claims.

It is to be understood that both the foregoing general
description and the following detailed description are exem-
plary and explanatory and are not restrictive of the invention.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 illustrates an example of an optical modulator
formed on a semiconductor platform;

FIG. 2 illustrates a configuration of an optical transmitter
according to an embodiment of the present invention;

FIG. 3 illustrates an example of the spectrum of the con-
tinuous wave light generated by a light source;

FIGS. 4A and 4B illustrate a ring resonator-based modu-
lator and its vicinities viewed from above;

FIG. 5 is a sectional view of the ring resonator-based
modulator;
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FIGS. 6A and 6B are explanatory views of the depletion
region of a waveguide core region;

FIG. 7 illustrates the transmittance of the ring resonator-
based modulator;

FIG. 8 illustrates the extinction ratio and the insertion loss
of the ring resonator-based modulator;

FIG. 9 is a flowchart of the process of controlling the
operation state of the ring resonator-based modulator;

FIG. 10 is an explanatory view of the control of the tem-
perature in step S2 in FIG. 9;

FIG. 11 illustrates an example of the configuration of the
wavelength division multiplexing optical transmitter;

FIGS. 12A and 12B illustrate examples of the configura-
tion of a modulator having a plurality of ring resonators;

FIGS. 13A and 13B illustrate the transmission spectrum of
the ring resonator-based modulator illustrated in FIGS. 12A
and 12B; and

FIG. 14 illustrates the relationship between the extinction
ratio and the insertion loss of the ring resonator-based modu-
lator.

DESCRIPTION OF EMBODIMENTS

FIG. 2 illustrates a configuration of an optical transmitter
according to an embodiment of the present invention. An
optical transmitter 1 according to the embodiment includes a
ring resonator-based modulator 2, an input waveguide 3, an
output waveguide 4, and a light source (LD) 5.

The ring resonator-based modulator 2, that will be
described later in detail, includes a ring waveguide and an
electrode formed near the ring waveguide. The input
waveguide 3 is optically coupled to the ring waveguide of the
ring resonator-based modulator 2. The output waveguide 4 is
also optically coupled to the ring waveguide of the ring reso-
nator-based modulator 2. However, the input waveguide 3
and the output waveguide 4 are not optically coupled directly
to each other.

An optical modulator may be realized using the ring reso-
nator-based modulator 2, the input waveguide 3, and the
output waveguide 4 illustrated in FIG. 2. In this case, the
optical modulator, for example, modulates the continuous
wave light generated by the light source 5 by a data signal,
thereby generating a modulated optical signal.

The light source 5 is a laser and provides continuous wave
light for the input waveguide 3. The light source 5 is not
specifically restricted, but is assumed to have a plurality of
oscillation modes in this example. In this case, the spectrum
of'the continuous wave light output from the light source 5 has
a single peak with respect to one oscillation mode as illus-
trated in FIG. 3.

A signal generator 11 generates a drive signal for driving
the ring resonator-based modulator 2. The drive signal is
generated based on, for example, the data signal transmitted
by the optical transmitter 1. The drive signal is a voltage
signal including an H level and an L level in the present
embodiment. The drive signal is applied to the electrode of
the ring resonator-based modulator 2. The signal generator 11
may be a part of the optical transmitter 1, and may be provided
externally to the optical transmitter 1.

The optical transmitter 1 further includes photodetectors
(PD) 6 and 7. The photodetector 6 is provided at one end of the
input waveguide 3. The light source 5 is provided at the other
end of the input waveguide 3. That is, the photodetector 6 is
provided at the opposite end of the input waveguide 3 with
respect to the light source 5. In the description below, the end
of the input waveguide 3 at which the photodetector 6 is
provided may be referred to as a “through port”.
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The photodetector 6 detects the optical level of the through
port. That is, the photodetector 6 detects the power of the light
guided to the through port passing through the input
waveguide 3. The photodetector 7 detects the output level of
the light source 5. That is, the photodetector 7 detects the
output power of the light source 5.

The optical transmitter 1 further includes a temperature
control unit 8. The temperature control unit 8 controls the
temperature of the ring waveguide of the ring resonator-based
modulator 2. The optical path length of the optical waveguide
is changed depending on the temperature. That is, the tem-
perature control unit 8 may adjust the optical path length of
the ring waveguide of the ring resonator-based modulator 2.

The temperature control unit 8 includes a heater electrode
(resistor) formed near the ring waveguide of the ring resona-
tor-based modulator 2, and a controller 9 for controlling the
current to be supplied to the heater electrode. The controller 9
controls the current to be supplied to the heater electrode
based on the optical level detected by the photodetectors 6
and 7. Otherwise, the controller 9 may control the current to
be supplied to the heater electrode based on the optical level
detected by the photodetector 6. Furthermore, the controller 9
may control a signal generator 11 so that a specified drive
signal may be generated. For example, the controller 9 may
control the signal generator 11 so that the drive signal may
continuously indicate the H level (or continuously indicate
the L level). The controller 9 is not specifically restricted, but
is realized by, for example, a processor and memory.

In the optical transmitter 1 with the above-mentioned con-
figuration, the light source 5 supplies continuous wave light to
the input waveguide 3. The input waveguide 3 is optically
coupled to the ring waveguide of the ring resonator-based
modulator 2. Therefore, a portion of the continuous wave
light which is propagated through the input waveguide 3 is
guided to the ring resonator-based modulator 2. Thus, the
continuous wave light which is guided to the ring resonator-
based modulator 2 is propagated through the ring waveguide.
The continuous wave light is propagated through the ring
waveguide clockwise in the example illustrated in FIG. 2.

The drive signal is provided for the ring resonator-based
modulator 2 from the signal generator 11. The ring resonator-
based modulator 2 generates a modulated optical signal by
modulating the continuous wave light which is propagated
through the ring waveguide by the drive signal. The output
waveguide 4 is optically coupled to the ring waveguide of the
ring resonator-based modulator 2. Therefore, the modulated
optical signal generated by the ring resonator-based modula-
tor 2 is guided to the output waveguide 4. The modulated
optical signal is output through a drop port (that is, an output
port).

In the ring resonator-based modulator 2, the wavelength
component corresponding to the optical path length of the
ring waveguide (that is, the optical perimeter of the ring
waveguide) becomes resonant, and other wavelength compo-
nents are substantially cancelled. That is, only the optical
signal of the wavelength component corresponding to the
optical path length of the ring waveguide is guided to the
output waveguide 4 from the ring resonator-based modulator
2. Therefore, the ring resonator-based modulator 2 operates
as an optical modulator and also as a wavelength filter which
passes only a specified wavelength component.

FIGS. 4A and 4B illustrate the ring resonator-based modu-
lator and its vicinities viewed from above. However, for
higher visibility of the figure, the resistor used as a heater
electrode is omitted in FIG. 4A.

The ring resonator-based modulator 2 includes a ring
waveguide 21 and electrodes 22 and 23 as illustrated in FIG.
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4A. Inthis example, a shape ofthe ring waveguide 21 is circle.
The optical path length of the ring waveguide 21 determines
the resonance wavelength. That is, the passing wavelength of
a wavelength filter depends on the optical path length of the
ring waveguide 21. Although not specifically restricted in the
present embodiment, the curvature of the radius of the ring
waveguide 21 may be approximately 8 pm.

The electrodes 22 and 23 are formed in such a way that the
ring waveguide 21 is provided between the electrodes 22 and
23. In this example, the electrode 22 is formed outside the ring
waveguide 21, and the electrode 23 is formed inside the ring
waveguide 21. The electrodes 22 and 23 are provided with a
drive signal generated by the signal generator 11. The drive
signal is a voltage signal including the H level and the L level
as described above. Therefore, when the drive signal indicates
the H level, a voltage of the H level is applied between the
electrodes 22 and 23. When the drive signal indicates the L.
level, a voltage of the L level is applied between the electrodes
22 and 23.

The input waveguide 3 and the output waveguide 4 are
optically coupled to the ring waveguide 21, respectively. In
FIG. 4A, the ring waveguide 21 and the input waveguide 3 are
optically coupled to each other in an area Bl. The ring
waveguide 21 and the output waveguide 4 are coupled to each
other in an area B2. The optical coupling is realized by form-
ing a very small gap between two optical waveguides.

When two optical waveguides (for example, optical
waveguides X1 and X2) are optically coupled to each other, a
portion of the light wave which is propagated through the
optical waveguide X1 is injected into the optical waveguide
X2, and a portion of the light wave which is propagated
through the optical waveguide X2 is injected into the optical
waveguide X1. Therefore, a portion of the continuous wave
light which is propagated through the input waveguide 3 is
input to the ring waveguide 21, and a modulated optical signal
generated in the ring waveguide 21 is output to the output
waveguide 4.

FIG. 5 is a sectional view of the ring resonator-based
modulator 2. FIG. 5 illustrates the section A-A' in illustrated
in FIG. 4A.

The ring resonator-based modulator 2 is formed on a sur-
face of a substrate 30. In the present embodiment, the ring
resonator-based modulator 2 is realized by a rib-waveguide
phase shifter with a lateral pn structure. The ring resonator-
based modulator 2 includes a waveguide core area 31, a slab
area 34, electrodes 22 and 23, and clads 37 and 38. The
substrate 30, the waveguide core area 31, and the slab area 34
are realized by, for example, a crystal silicon. The clads 37
and 38 are realized by, for example, SiO,.

The waveguide core area 31 corresponds to the ring
waveguide 21 illustrated in FIGS. 4A and 4B, and includes a
p-type low concentration doped area 32 and an n-type low
concentration doped area 33. That is, the waveguide core area
31 includes a pn junction. A p-type dopant may be boron, and
an n-type dopant may be phosphorus. The impurity concen-
tration of the p-type low concentration doped area 32 and the
n-type low concentration doped area 33 is, for example,
approximately 1x10'7 em™. The height of the waveguide
core area 31 is about 250 nm, and the width is about 500 nm.

The slab area 34 includes a p-type high concentration
doped area 35 and an n-type high concentration doped area
36. The p-type high concentration doped area 35 is formed
near the p-type low concentration doped area 32, and the
n-type high concentration doped area 36 is formed near the
n-type low concentration doped area 33. The p-type dopant
may be boron, and the n-type dopant may be phosphorus. The
impurity concentration of the p-type high concentration

10

15

20

25

30

35

40

45

50

55

60

65

6

doped area 35 and the n-type high concentration doped area
36 is, for example, approximately 1x10'° cm™=. The thick-
ness of the film of the slab area 34 is about 50 nm, and its
width is about 3 pm.

The electrodes 22 and 23 are formed in such a way that the
waveguide core area 31 is provided between the electrodes 22
and 23. The electrode 22 is formed near the waveguide core
area 31, and on the side on which the p-type low concentration
doped area 32 is formed. The electrode 23 is formed near the
waveguide core area 31, and on the side on which the n-type
low concentration doped area 33 is formed. The electrodes 22
and 23 are made of, for example, aluminum.

The clad 37 is formed above the waveguide core area 31,
the slab area 34, and the electrodes 22 and 23. The clad 38 is
formed below the waveguide core area 31 and the slab area
34. That is, the clads 37 and 38 are formed as enclosing the
waveguide core area 31.

A heater electrode 24 is formed above the waveguide core
area 31. However, the clad 37 is formed between the heater
electrode 24 and the waveguide core area 31. The heater
electrode 24 is a resistor for passing the current controlled by
the controller 9, and is made of, for example, titan. The heater
electrode 24 is formed along the ring waveguide 21 (that is,
the waveguide core area 31) as illustrated in FIG. 4B. FIG. 4B
illustrates the ring resonator-based modulator 2 viewed from
above. However, only the ring waveguide 21 and the heater
electrode 24 are illustrated for higher visibility of the figure.

Therefore, by adjusting the current which passes through
the heater electrode 24, the temperature of the ring waveguide
21 may be controlled. In the present embodiment, it is
assumed that the heater electrode 24 is included in the tem-
perature control unit 8 as illustrated in FIG. 2.

When the ring resonator-based modulator 2 is formed as
described above, the input waveguide 3, the output waveguide
4, the light source 5, and the photodetectors 6 and 7 are
realized, for example, as follows. The input waveguide 3 and
the output waveguide 4 are rib-structure fine line waveguides,
and the height of the core area is 250 nm, the width of the core
area is 500 nm, and the thickness of the film of the slab area is
50 nm. The gap between the input waveguide 3 and the ring
waveguide 21 is 300 nm, and the gap between the output
waveguide 4 and the ring waveguide 21 is also 300 nm. The
light source 5 is a DFB (distributed-feedback) laser having
the oscillation wavelength of 1550 nm, and is formed on an
InP substrate. The luminous surface of the light source 5 is
optically coupled to a silicon waveguide (the input waveguide
3 in this example). The photodetector 7 may be a pin photo-
detector having a germanium absorption layer. The photode-
tector 6 may be a pin photodetector having a InGaAs absorp-
tion layer.

In the ring resonator-based modulator 2 with the above-
mentioned configuration, an optical signal is propagated
through the waveguide core area 31 (that is, the ring
waveguide 21). In FIG. 5, the optical signal is propagated
through the waveguide core area 31 in the direction orthogo-
nal to the sheet of FIG. 5.

The optical characteristic of the ring waveguide 21 (that is,
the waveguide core area 31) depends on the voltage between
the electrodes 22 and 23. In the following description, the
voltage between the electrodes 22 and 23 may be referred to
as an applied voltage to the ring resonator-based modulator 2
or simply as an applied voltage.

For example, the width of a depletion region in the
waveguide core area 31 depends on the applied voltage. The
depletion region is a low carrier density region. When a
reverse bias voltage is applied to the pn junction, the width of
the depletion region becomes broader. In the present embodi-
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ment, when the applied voltage indicates the L level, the
width of the depletion region in the waveguide core area 31 is
narrow as illustrated in FIG. 6A. On the other hand, when the
applied voltage indicates the H level, the reverse bias voltage
is applied to the pn junction of the waveguide core area 31,
and the width of the depletion region in the waveguide core
area 31 becomes broad as illustrated in FIG. 6B. When the
width of the depletion region in the waveguide core area 31 is
changed, the optical path length of the waveguide core area 31
(that is, the ring waveguide 21) is changed correspondingly.

Thus, when the applied voltage to the ring resonator-based
modulator 2 is changed, the optical characteristic of the ring
waveguide 21 is also changed depending on the applied volt-
age. The applied voltage is changed by the drive signal gen-
erated by the signal generator 11. That is, the state of the light
propagated through the ring waveguide 21 changes depend-
ing on the drive signal. Therefore, a modulated optical signal
corresponding to the drive signal is generated in the ring
resonator-based modulator 2.

FIG. 7 illustrates the transmittance of the ring resonator-
based modulator 2. T(L) and T(H) indicate the transmittances
from the light source 5 illustrated in FIG. 2 to the drop port.
The transmittance T(L) is the transmittance when the applied
voltage indicates the L. level. That is, the transmittance T(L) is
the transmittance of the ring resonator-based modulator 2
when the drive signal indicates the L level. The transmittance
T(H) is the transmittance when the applied voltage indicates
the H level. That is, the transmittance T(H) is the transmit-
tance of the ring resonator-based modulator 2 when the drive
signal indicates the H level.

The transmittance of the ring resonator-based modulator 2
depends on the wavelength of the optical signal as illustrated
in FIG. 7. That is, the transmittance (T(L), T(H)) has a peak
with respect to the wavelength. The transmittance curve is
rather sharp with respect to the wavelength. In the example
illustrated in FIG. 7, the pass band width of the ring resonator-
based modulator 2 is about 0.1 nm. Therefore, the ring reso-
nator-based modulator 2 can operate as a wavelength filter.

The transmittance of the ring resonator-based modulator 2
also depends on the applied voltage (that is the voltage
between the electrodes 22 and 23) as illustrated in FIG. 7.
That is to say, when the applied voltage is changed, the
wavelength having the peak transmittance is shifted. In the
example illustrated in FI1G. 7, the wavelength having the peak
in transmittance T(H) is about 0.05 nm longer than the wave-
length having the peak in transmittance T(L).

C(L) and C(H) indicate the transmittances from the light
source 5 to the through port illustrated in FIG. 2. C(L) is the
transmittance to the through port when the applied voltage
indicates the L. level, and C(H) is the transmittance to the
through port when the applied voltage indicates the H level.

As illustrated in FIG. 7, when the transmittances T(L) and
T(H) of the ring resonator-based modulator 2 are large, the
transmittances C(L) and C(H) are small. That is, at the wave-
length having the peak transmittance T(L), the transmittance
C(L) has a local minimum or substantially local minimum.
Similarly, at the wavelength having the peak transmittance
T(H), the transmittance C(H) has a local minimum or sub-
stantially local minimum.

FIG. 8 illustrates the extinction ratio and the insertion loss
of the ring resonator-based modulator 2. The extinction ratio
is the ratio of the power of the optical signal when the applied
voltage indicates the L level to the power of the optical signal
when the applied voltage indicates the H level. Therefore, the
extinction ratio corresponds to the absolute value of the dif-
ference between the transmittance T(L.) and the transmittance
T(H) illustrated in FIG. 7.
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In the present embodiment, the extinction ratio has two
peaks with respect to the wavelength. That is, a peak extinc-
tion ratio may be obtained at the wavelength (or its vicinity)
having a peak of the transmittance T(H), and at the wave-
length (or its vicinity) having a peak of the transmittance
T(L). However, the maximum extinction ratio is obtained at
the wavelength having the peak of the transmittance T(H) in
this example.

The insertion loss is caused by the ring resonator-based
modulator 2 inserted into the optical path between the light
source 5 and the drop port, and corresponds to the reciprocal
of' the transmittance of the ring resonator-based modulator 2.
Note that, in this description, it is assumed that the insertion
loss indicates an optical loss when the output optical signal is
“1 (luminous state)”. In this case, in the wavelength range
where the transmittance T(H) is higher than the transmittance
T(L), the reciprocal of the transmittance T(H) corresponds to
the insertion loss. In the wavelength range where the trans-
mittance T(L) is higher than the transmittance T(H), the recip-
rocal of the transmittance T(LL) corresponds to the insertion
loss. In this embodiment, the insertion loss is the minimum at
the wavelength (or its vicinity) having the peak of the trans-
mittance T(H).

<Control of Operation State>

It is preferable that the modulated optical signal transmit-
ted from the optical transmitter 1 indicates a high extinction
ratio. That is, it is preferable that the optical transmitter 1
generates a modulated optical signal having a high extinction
ratio. In addition, in order to efficiently obtain output power
with lower power consumption, it is preferable that the inser-
tion loss of the ring resonator-based modulator 2 is small. As
illustrated in FIG. 8, the wavelength having the maximum
extinction ratio of the modulated optical signal is substan-
tially equal to the wavelength having the minimum insertion
loss of the ring resonator-based modulator 2. Therefore, the
optical transmitter 1 generates an favorable modulated optical
signal by appropriately controlling the operating wavelength
(or resonant wavelength) of the ring resonator-based modu-
lator 2.

The operating wavelength of the ring resonator-based
modulator 2 is adjusted by changing the optical path length of
the ring waveguide 21 illustrated in FIGS. 4A and 4B. The
optical path length of the ring waveguide 21 depends on the
applied voltage as described above, and also depends on the
temperature of the ring waveguide 21. Accordingly, the opti-
cal transmitter 1 controls the optical path length of the ring
waveguide 21 so that the operation state of the ring resonator-
based modulator 2 may be optimized by adjusting the tem-
perature of the ring waveguide 21. For example, it is prefer-
able that the optical path length of the ring waveguide 21 is
adjusted so that at least one of the wavelength having the peak
transmittance of the ring resonator-based modulator 2, the
wavelength having the peak extinction ratio, and the wave-
length having the minimum insertion loss matches the peak
illustrated in FIG. 3.

FIG. 9 is a flowchart of the process of controlling the
operation state of the ring resonator-based modulator 2. The
process according to the flowchart is performed, for example,
by the controller 9 illustrated in FIG. 2.

Inthe present embodiment, it is assumed that the operation
state of the ring resonator-based modulator 2 is controlled so
that the modulated optical signal has the highest extinction
ratio, and/or the ring resonator-based modulator 2 has the
lowest insertion loss. The operation state in which the modu-
lated optical signal has the highest extinction ratio, and/or the
ring resonator-based modulator 2 has the lowest insertion loss
is realized at the wavelength having the minimum of the
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transmittance C(H) to the through port as illustrated in FIGS.
7 and 8. That is, if the transmittance C(H) to the through port
is minimized while applying the H level voltage to the ring
resonator-based modulator 2, then the operation state in
which the modulated optical signal has the highest extinction
ratio, and/or the ring resonator-based modulator 2 has the
lowest insertion loss is realized. Therefore, the controller 9
performs the following process. It is assumed that the term “to
minimize” includes not only “to purely minimize” but also
“to substantially minimize” and “to approximately mini-
mize” in the present specification.

In step S1, the controller 9 controls the signal generator 11
to output a voltage of the H level as a drive signal. By so doing,
the signal generator 11 continuously applies the voltage of the
H level to the ring resonator-based modulator 2. Then, the
voltage between the electrodes 22 and 23 indicates the H
level, and the width of the depletion region in the waveguide
core area 31 becomes broader as illustrated in FIG. 6B.

In step S2, the controller 9 controls the temperature of the
ring waveguide 21 to minimize the optical power of the
through port. The optical power of the through port is detected
by the photodetector 6. The controller 9 controls the tempera-
ture of the ring waveguide 21 by adjusting the current sup-
plied to the heater electrode 24.

FIG. 10 is an explanatory view of the control of the tem-
perature in step S2. In FIG. 10, the wavelength A1 indicates,
for example, the wavelength of the laser light corresponding
to one of a plurality of oscillation modes of the light source 5
illustrated in FIGS. 3. D1 and D2 schematically indicate the
wavelength dependency of the optical power of the through
port obtained at the temperatures T1 and T2, respectively.

In this case, if the temperature of the ring waveguide 21 is
T1, the power of the laser light of the wavelength A1 becomes
relatively large at the through port. That is, the optical power
P1 is obtained in the through port (with respect to wavelength
A1). On the other hand, if the temperature of the ring
waveguide 21 is T2, the power of the laser light of the wave-
length A1 becomes the minimum at the through port. That is,
the optical power P2 is obtained at the through port. When the
optical power at the through port is the minimum, the power
of'the laser light of the wavelength A1 becomes the maximum
at the drop port, and the extinction ratio of the optical signal
also becomes the maximum. Therefore, the controller 9 mini-
mizes the optical power of the through port by adjusting the
temperature of the ring waveguide 21 to T2.

Thus, the controller 9 controls the temperature of the ring
waveguide 21 so that the optical power of the through port
may be minimized. As a result, the ring resonator-based
modulator 2 is controlled to be the initial state in which the
extinction ratio of the modulated optical signal is the maxi-
mum and/or the insertion loss of the ring resonator-based
modulator 2 is the minimum.

In step S3, the controller 9 instructs the signal generator 11
to start driving the optical transmitter 1. Upon receipt of the
instruction, the signal generator 11 outputs a drive signal
corresponding to the data signal transmitted by the optical
transmitter 1. The drive signal is supplied to the ring resona-
tor-based modulator 2. Therefore, the ring resonator-based
modulator 2 generates a modulated optical signal correspond-
ing to the drive signal.

In step S4, the controller 9 controls the temperature of the
ring waveguide 21 to maintain the following monitor value at
a constant value.

monitor value=optical power of through port/optical
power of light source 5
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The optical power of the through port is detected by the
photodetector 6. The luminous power of the light source is
detected by the photodetector 7. Therefore, the controller 9
may calculate the monitor value using the output of the pho-
todetectors 6 and 7. The controller 9 repeatedly performs the
process in step S4 while the optical transmitter 1 is operating.

After the drive of the optical modulator is started in step S3,
the drive signal corresponding to the data signal is supplied to
the ring resonator-based modulator 2. Therefore, the light
guided to the through port includes the component of the data
signal. However, since the speed of the photodetector 6 is
sufficiently lower than the speed of the data signal, the output
of the photodetector 6 indicates an average of the optical
power of the through port. Therefore, the optical power of the
through port is substantially constant while the ring resona-
tor-based modulator 2 is maintained in a certain state.

Accordingly, the controller 9 may obtain and store the
value indicating the optical power of the through port in the
state in which the drive signal corresponding to the data signal
is supplied to the ring resonator-based modulator 2 immedi-
ately after step S2. Here, the operation state of the ring reso-
nator-based modulator 2 is optimized by the control in steps
S1 and S2. That is, the value indicating the optical power of
the through port that is obtained and stored immediately after
step S2 corresponds to the optimum operation state ofthe ring
resonator-based modulator 2. That is, if the control is per-
formed so that the optical power of the through port may
maintain the value obtained immediately after step S2, then
the operation state of the ring resonator-based modulator 2 is
maintained in the optimum state. Therefore, the controller 9
controls the temperature of the ring waveguide 21 so that the
optical power of the through port may maintain the obtained
value. As a result, the operation state of the ring resonator-
based modulator 2 is maintained in the optimum operation
state.

However, the characteristic of the light source 5 is changed
depending on the temperature and/or aging. Thus, in the
present embodiment, the change in characteristic of the light
source 5 caused by the temperature and/or aging may be
compensated for by using the above-mentioned monitor
value. Thatis to say, by controlling the temperature of the ring
waveguide 21 using the monitor value, the extinction ratio of
an optical signal and/or the insertion loss of the ring resona-
tor-based modulator 2 may be improved.

The present invention is not limited to the above-men-
tioned embodiments, but the temperature may be controlled
based on the optical power of the through port in step S4.
Furthermore, in step S2, the temperature may be controlled
based on the monitor value.

As described above, in the optical transmitter 1 of the
embodiment, the optical path length of the ring waveguide 21
is controlled to resonate with the wavelength of the input laser
light. The ring resonator-based modulator 2 operates as an
optical modulator, and also operates as a wavelength filter.
Therefore, according to the configuration of the embodiment,
the operation state of the optical modulator is optimized by
appropriately controlling the optical path length of the ring
waveguide 21, and simultaneously the operation state of the
wavelength filter is optimized. Therefore, according to the
configuration of the embodiment, the operation state of the
optical transmitter using a ring resonator may be easily con-
trolled.

In the above-mentioned embodiment, the temperature is
controlled so that the optical power of the through port (or the
monitor value) may be minimized in step S2, but the present
invention is not limited to this method. For example, in FIG.
8, the wavelength at which the extinction ratio of the optical
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signal is the maximum does not always match the wavelength
at which the insertion loss of the ring resonator-based modu-
lator 2 is the minimum. Here, if the optical power of the
through port (or the monitor value) is minimized, the opera-
tion state in which the insertion loss is minimized is obtained.
Therefore, to obtain the operation state in which the extinc-
tion ratio of the optical signal is maximized or optimized, a
specified offset may be added to the temperature of the ring
waveguide 21 after the control of the temperature in step S2.

In the embodiment above, the temperature is controlled in
step S2 while the applied voltage is fixed to the H level, but the
present invention is not limited to this method. That is, the
temperature may be controlled in step S2 while the applied
voltage is fixed to the L level. However, when the ring reso-
nator-based modulator 2 has the characteristic illustrated in
FIG. 7 (for example, the peak of T(H) is higher than the peak
of T(L)), preferable extinction ratio and insertion loss may be
realized by controlling the temperature in step S2 while the
applied voltage is fixed to the H level.

Furthermore, in the embodiment above, the photodetector
6 for monitoring the modulator is provided at the through
port, and the photodetector 7 for monitoring the light source
5 is provided at the rear end of the laser, but the present
invention is not limited to this method. That is, the photode-
tectors 6 and 7 may substantially monitor the output of the
optical modulator and the output of the light source 5, respec-
tively. For example, the photodetector 6 may detect the light
tapped from the ring waveguide 21. In addition, the photode-
tector 7 may, for example, detect the light tapped from the
optical waveguide on the silicon substrate (for example, the
input waveguide 3). However, if the optical loss is taken into
account, the configuration illustrated in FIG. 2 is preferable.

<Variation>

In the embodiment above, the material of the core of the
waveguide is silicon. However, the material of the core of the
waveguide may be any other semiconductor material which is
transparent to the light of a communication wavelength band
(for example, silicon germanium, InP, GaAs, or a mixed
crystal of them, etc.).

In the embodiment above, a Si substrate is used, but any
other material (for example, quartz, GaAs, InP, etc.) may
form a substrate. However, the Si substrate has advantages
such as costing low, easily integrating an electronic circuit
such as a driver etc.

The size and others exemplified in the embodiment above
are examples only, and the present invention is not limited to
them. For example, the width and the height of a waveguide
core may be arbitrarily designed within the scope in which a
single mode is realized. The width of the slab area may be
arbitrarily designed within the scope of not largely changing
the spot size. Furthermore, a change may be made to the
embodiment above in film thickness of the slab area, the film
thickness of the projection, etc.

The doping concentration of the waveguide core area 31
and the slab area 34 is not limited to the embodiment above.
However, if the doping concentration is very low, the resis-
tance becomes large, and thus the modulation efficiency is
degraded. When the doping concentration is very high, the
optical loss becomes large. According to these factors, it is
preferable that the doping concentration to the slab area is
about 5x10'® through 5x10?° cm™>. It is preferable that the
doping concentration to the waveguide core area 31 is about
5x10*° through 5x10*7 cm™3.

In the embodiment above, the modulation is performed
using a change in carrier density by a reverse bias in the rib
waveguide structure having a lateral pn structure, but the
present invention may use another structure. For example, the
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modulation may be performed using a change in carrier den-
sity by a normal bias in the lateral pin structure. However, it is
preferable to use the configuration of the embodiment above
to realize a high-speed modulation.

In the embodiment above, a shape of the waveguide of the
optical modulator (that is, the ring waveguide ring waveguide
21) is circle, but a shape of it may be racetrack. In this case,
linear sections of the waveguide of the optical modulator may
be optically coupled with the input waveguide 3 and the
output waveguide 4. Note that, when the racetrack waveguide
is used, the gap between the waveguides and the line length of
the coupling section are determined so that necessary cou-
pling efficiency is obtained.

In the embodiment above, the waveguide is a fine-line rib
waveguide, but may be of another structure. For example, a
part of the waveguide may be fine-line channel without a slab
area. However, since it is difficult to form all waveguides of
the optical modulator be channel shaped, the rib waveguide
and the channel waveguide may coexist. According to this
configuration, there is the possibility that reflection or scatter
occurs at the junction between the rib waveguide and the
channel waveguide. Otherwise, the height of the core area
may be 1 um or more, and the film thickness of the slab area
may be higher than that in the embodiment above. However,
according to this structure, the radiation loss increases if the
curvature radius of the ring waveguide is reduced in order to
downsize the optical modulator.

The light source 5 is not limited to the DFB laser, but may
be realized by, for example, laminating a luminous layer on
the silicon substrate.

In the embodiment above, the photodetectors 6 and 7 are
pin photodetectors having an InGaAs absorption layerora Ge
absorption layer, but the present invention is not limited to
this application. That is, the absorption layer of the photode-
tector may be realized by any other material (for example,
InGaAsP etc.) so far as a signal wavelength is absorbed.
Furthermore, the photodetector may be an APD or MIN pho-
todetector.

Another Embodiment 1

FIG. 11 illustrates an example of the configuration of the
wavelength division multiplexing (WDM) optical transmit-
ter. A WDM optical transmitter 40 illustrated in FIG. 11
includes ring resonator-based modulators 2-1 through 2-8,
input waveguides 3-1 through 3-8, light sources 5-1 through
5-8, and an output bus waveguide 41. Each of the ring reso-
nator-based modulators 2-1 through 2-8 corresponds to the
ring resonator-based modulator 2 illustrated in F1G. 2. That s,
each of the ring resonator-based modulators 2-1 through 2-8
includes the ring waveguide 21 and the electrodes 22 and 23
illustrated in FIG. 4A. Each of the input waveguides 3-1
through 3-8 corresponds to the input waveguide 3 illustrated
in FIG. 2. Each of the light sources 5-1 through 5-8 corre-
sponds to the light source 5 illustrated in FIG. 2.

At the through port of each of the input waveguides 3-1
through 3-8, although not illustrated in FIG. 11, a photode-
tector corresponding to the photodetector 6 in FIG. 2 is pro-
vided. The WDM optical transmitter 40 includes photodetec-
tors for respectively detecting the output power of the light
sources 5-1 through 5-8.

The input waveguides 3-1 through 3-8 are optically
coupled to the ring waveguide of the ring resonator-based
modulators 2-1 through, 2-8 respectively. The ring waveguide
of each of the ring resonator-based modulators 2-1 through
2-8 is optically coupled to the output bus waveguide 41.
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The light sources 5-1 through 5-8 output laser light of
different wavelengths. In FIG. 11, the light sources 5-1
through 5-8 generate the laser light of wavelengths Al
through A8, respectively. The laser light of the wavelengths
A1 through A8 is input to the ring resonator-based modulators
2-1 through 2-8 through the input waveguides 3-1 through
3-8. A drive signal corresponding to the data signal is supplied
to each of the ring resonator-based modulators 2-1 through
2-8. Therefore, the ring resonator-based modulators 2-1
through 2-8 generate a modulated optical signal of wave-
lengths A1 through A8, respectively.

The modulated optical signals generated by the ring reso-
nator-based modulators 2-1 through 2-8 are respectively out-
put to the output bus waveguide 41. Therefore, the WDM
optical transmitter 40 may output a wavelength multiplexed
optical signal including the modulated optical signals gener-
ated by the ring resonator-based modulators 2-1 through 2-8.
Since the WDM optical transmitter according to the present
embodiment does not need a multiplexer for wavelength divi-
sion multiplexing, the optical transmitter may be downsized
and an optical loss may be reduced comparing with a conven-
tional configuration.

In the above-mentioned configuration, the optical path
lengths of the ring waveguides of the ring resonator-based
modulators 2-1 through 2-8 are designed based on the wave-
lengths A1 through A8, respectively. However, the optical path
length of each ring waveguide is controlled by a controller 42.
The controller 42 performs the process according to the flow-
chart illustrated in FIG. 9 on each of the ring resonator-based
modulators 2-1 through 2-8.

In the embodiment illustrated in FIG. 11, each of the ring
waveguide of the ring resonator-based modulators 2-1
through 2-8 is optically coupled to the output bus waveguide
41, but the present invention is not limited to the configura-
tion. For example, the ring waveguide of each of the ring
resonator-based modulators 2-1 through 2-8 may be optically
coupled to a corresponding output waveguide, and the optical
signal on each output wavelength may be guided to the output
bus waveguide 41. However, with the configuration, when it
is considered that each output waveguide is a part of the
output bus waveguide 41, it can be said that the ring
waveguide of each of the ring resonator-based modulators 2-1
through 2-8 is optically coupled to the output bus waveguide
41.

Another Embodiment 2

In the embodiment illustrated in FIG. 2, the optical trans-
mitter 1 includes one ring resonator. However, the present
invention is not limited to this configuration. That is, an
optical transmitter may be configured to include a plurality of
ring resonators.

FIG. 12A illustrates a configuration of a ring resonator-
based modulator having double ring resonators. The ring
resonator-based modulator includes optically-coupled ring
waveguides 21a and 215. The shapes of the ring waveguides
21a and 215 are substantially identical to each other. The
input waveguide 3 is optically coupled to the ring waveguide
21a, and the output waveguide 4 is optically coupled to the
ring waveguide 215b. The electrodes 22 and 23 are formed for
each of the ring waveguides 21a and 215. The heater electrode
24 is formed along each of the ring waveguides 21a and 215.
The controller optimizes the operation state of the ring reso-
nator-based modulator in the procedure according to the
flowchart illustrated in FIG. 9. Note that the temperature of
the ring waveguides 21a and 215 may be controlled indepen-
dently.
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FIG. 13A illustrates the transmission spectrum of the ring
resonator-based modulator illustrated in FIG. 12A. As com-
pared with the embodiment illustrated in FIG. 9 (configura-
tion including one ring resonator), a sharp spectrum is
obtained with the configuration including the double ring
resonators. That is, since the transmittance changes sharply
with respect to the wavelength or the change of the refractive
index, thereby increasing the extinction ratio.

FIG. 12B illustrates a configuration of a ring resonator-
based modulator including triple ring resonators. The ring
resonator-based modulator includes ring waveguides 21a
through 21c¢ that are optically coupled in cascade. That is, the
ring waveguide 214 is optically coupled to the ring waveguide
21b, and the ring waveguide 215 is optically coupled to the
ring waveguide 21c. The shapes of the ring waveguides 21a
through 21c¢ are substantially identical to one another. The
input waveguide 3 is optically coupled to the 21a, and the
output waveguide 4 is optically coupled to the ring waveguide
21c. The electrodes 22 and 23 are formed for each of the ring
waveguides 21a through 21c¢. The heater electrode 24 is
formed along each of the ring waveguides 21a through 21c.
The controller optimizes the operation state of the ring reso-
nator-based modulator in the procedure according to the
flowchart illustrated in FIG. 9. Note that the temperature of
the ring waveguides 21a, 215 and 21¢ may be controlled
independently.

FIG. 13B illustrates the transmission spectrum of the ring
resonator-based modulator illustrated in FIG. 12B. As com-
pared with the characteristic illustrated in FIG. 13A, a further
sharp spectrum is obtained with the configuration including
triple ring resonators, thereby further increasing the extinc-
tion ratio. Note that the ring resonator-based modulator may
be configured to include four or more ring resonators.

FIG. 14 illustrates the relationship between the extinction
ratio and the insertion loss of the ring resonator-based modu-
lator. As illustrated in FIG. 14, when the number of ring
waveguides in the ring resonator-based modulator increases,
a large extinction ratio is realized. Therefore, when a large
extinction ratio is requested, it is preferable to increase the
number of ring waveguides. However, in an area where the
extinction ratio is small, the smaller the number of ring
waveguides, the smaller the insertion loss becomes. There-
fore, when a large extinction ratio is not requested, it is
preferable that the number of ring waveguides is small to
reduce the insertion loss. That is, it is preferable to select the
number of ring waveguides depending on the performance
(extinction ratio, insertion loss, etc.) requested as an optical
transmitter.

All examples and conditional language provided herein are
intended for the pedagogical purposes of aiding the reader in
understanding the invention and the concepts contributed by
the inventor to further the art, and are not to be construed as
limitations to such specifically recited examples and condi-
tions, nor does the organization of such examples in the
specification relate to a showing of the superiority and infe-
riority of the invention. Although one or more embodiments
of the present inventions have been described in detail, it
should be understood that the various changes, substitutions,
and alterations could be made hereto without departing from
the spirit and scope of the invention.

What is claimed is:

1. An optical transmitter, comprising:

a ring waveguide;

an electrode which is formed near the ring waveguide and
is provided with a signal;

a first waveguide optically coupled to the ring waveguide;
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a second waveguide optically coupled to the ring
waveguide without being optically coupled directly to
the first waveguide; and

a light source configured to supply continuous wave light
to the first waveguide, wherein

a modulated optical signal that is generated in the ring
waveguide based on the signal provided to the electrode
is outputted through the second waveguide.

2. The optical transmitter according to claim 1, further

comprising

atemperature control unit configured to change a tempera-
ture of the ring waveguide.

3. The optical transmitter according to claim 2, wherein

the temperature control unit includes:

a resistor formed near the ring waveguide; and
acontroller configured to control a current to be supplied
to the resistor.

4. The optical transmitter according to claim 3, wherein

the first waveguide has a first end and a second end, con-
tinuous wave light generated by the light source is input
from the first end to the first waveguide,

the optical transmitter further includes a first photodetector
configured to detect light output from the second end of
the first waveguide, and

the controller controls the current supplied to the resistor
based on an optical level detected by the first photode-
tector.

5. The optical transmitter according to claim 4, further

comprising

a second photodetector configured to detect output level of
the light source, wherein

the controller controls the current supplied to the resistor
based on the optical level detected by the first photode-
tector and the output level detected by the second pho-
todetector.

6. The optical transmitter according to claim 1, wherein

acore area of the ring waveguide includes p-type semicon-
ductor and n-type semiconductor to form pn junction.

7. An optical transmitter, comprising:

aplurality of ring waveguides optically coupled in cascade;

an electrode which is formed near the ring waveguides and
is provided with a signal;

a first waveguide optically coupled to one of the ring
waveguides located at one end of the ring waveguides;

asecond waveguide optically coupled to another of the ring
waveguides located at the other end of the ring
waveguides without optically being coupled directly to
the first waveguide; and

a light source configured to supply continuous wave light
to the first waveguide, wherein

a modulated optical signal that is generated in the ring
waveguides based on the signal provided to the electrode
is outputted through the second waveguide.

8. An optical transmitter including a plurality of ring reso-

nator-based transmitters and a bus waveguide, wherein:
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each ring resonator-based transmitter comprises:

a ring waveguide;

an electrode which is formed near the ring waveguide
and is provided with a signal;

an input waveguide which is optically coupled to the
ring waveguide; and

a light source configured to supply continuous wave
light to the input waveguide;

wavelengths of continuous wave light generated by the
light sources of respective ring resonator-based trans-
mitters are different from one another, and

the ring waveguides of respective ring resonator-based
transmitters are optically coupled to the bus waveguide,
wherein

modulated optical signals that are respectively generated in
the ring waveguides based on the signals provided to the
electrodes are outputted through the bus waveguide.

9. An optical modulator, comprising:

a ring waveguide;

an electrode which is formed near the ring waveguide and
is provided with a signal;

a first waveguide which is optically coupled to the ring
waveguide, continuous wave light being input to the first
waveguide; and

a second waveguide which is optically coupled to the ring
waveguide without being optically coupled directly to
the first waveguide, wherein

a modulated optical signal that is generated in the ring
waveguide based on the signal provided to the electrode
is outputted through the second waveguide.

10. A method for controlling an optical transmitter that
includes a ring waveguide, an electrode formed near the ring
waveguide, a first waveguide optically coupled to the ring
waveguide, a second waveguide optically coupled to the ring
waveguide without being optically coupled directly to the
first waveguide, and a light source which supplies continuous
wave light to the first waveguide from a first end of the first
waveguide, the method comprising:

monitoring an optical level at a second end of the first
waveguide while applying a specified voltage to the
electrode;

controlling the temperature of the ring waveguide such that
the monitored optical level is smaller; and

generating a modulated optical signal in the ring
waveguide by supplying a signal to the electrode to
output the modulated optical signal through the second
waveguide after the monitored optical level is mini-
mized in the controlling process.

11. The method according to claim 10, wherein

the temperature of the ring waveguide is controlled so that
a ratio of an optical level detected at the second end of
the first waveguide to an output level of the light source
is constant when the optical transmitter generates a
modulated optical signal according to a signal applied to
the electrode.



